Abstract In this study, we investigated the relative gene expression pattern of 12 candidate genes from giant freshwater prawn (GFP) using hepatopancreas, eyestalk and testis tissues to compare expression profiles among adult male morphotypes [blue claw (BC), orange claw (OC) and small males (SM)] that reflect a social hierarchy. In particular, we focused our analysis on genes documented in other invertebrate taxa that are known to influence (i) inter-male aggressive behaviour, (ii) visual systems and (iii) olfactory genes. Genes examined here were normalised to 18S rRNA as a reference. Differences in gene expression patterns among male morphotypes and tissues were highly significant (P \ 0.0001) with higher expression levels in eyestalk tissue compared with testis and hepatopancreas in all morphotypes. This might imply that differences in expression pattern of key candidate genes in the eyestalk can potentially provide cues to directly influence the formation of the male social dominance hierarchy. Expression stabilities of genes were evaluated using the RefFinder analytical tool, which revealed that STRPC-short transient receptor and BDP-beadex dlmo protein showed relatively similar expression levels. LW OPSIN, a visual system gene, appeared to be directly involved in suppression of subordinate male gene expression related to the social dominance hierarchy in male GFP. This finding could potentially be important for developing technologies that allow male morph frequencies to be manipulated at harvest in farmed stocks.
Introduction
Freshwater prawn farming has expanded rapidly, and the industry has become a major contributor to the aquaculture industry globally in terms of both value and quantity (New, 2009) . In general, the giant freshwater prawn, or GFP [Macrobrachium rosenbergii (de Man, 1879)], is produced mainly for domestic consumption because of high market familiarity. Because individual size varies at harvest and because of inherent aggressive behaviour, however, GFP cannot be reared intensively in grow-out systems as seen with marine prawns (New & Nair, 2012) . Sexually mature, adult males are composed of three male morphotypes: blue clawed males (BC), orange clawed males (OC) and small males (SM). Growth rate varies among the three morph stages that lead to a wide range of individual sizes at harvest that is associated with the male social dominance hierarchy (Ra'anan & Sagi, 1985) . GFP farmers and investors have regarded this factor as a major constraint on industry expansion. Due to high market value, research has focused on improving production and performance of farmed GFP, but, in general, little is known currently about the genetics of this species and so most farmed stocks are essentially unimproved.
While agricultural, and more recently, some aquaculture species have shown improvements through the emerging genomic technologies, to date, GFP has not benefitted greatly from the genetics/genomics revolution. Intraspecific communication among conspecifics can play important functions in influencing social hierarchies in prawn populations. If it is possible to modify signals that influence development of the natural dominance hierarchy among adult males, then potentially this knowledge could be used to develop fast-growing, non-aggressive OC forms over slowgrowing SM or dominant, aggressive BC forms. An additional benefit would be the reduction of individual size variation while improving total biomass to enhance productivity.
In crustaceans, intraspecific communication is based largely on visual, chemical, and tactile cues (Bushmann, 1999) , with chemical signals considered to be of major importance in most aquatic species (Atema & Voigt, 1995) . Visual communication in crustaceans commonly involves cues including colour, shape and size of morphological structures or resources that are often linked to elaborate courtship behaviours (Christy et al., 2003) . Proteins encoded by key Opsin genes, in complex with retinal chromophores, form visual pigments and control visual sensitivities. The functional link between opsin gene sequence and visual pigment peak absorption has been well documented in protein expression studies in some vertebrate and invertebrate taxa (Cowing et al., 2002; Takahashi & Ebrey 2003; Hunt et al., 2004) .
Aggression is a common behaviour seen in many animals, and many species respond to a perceived opponent with a violent, aggressive attack. Animals also alter their behaviour in order to respond to the demands of changing social environments. An abrupt change in intraspecific behaviour from being aggressive to submissive can mark the decision point in social hierarchy formation (Herberholz et al., 2003) . Chemical cues or pheromones released passively as a by-product of ecological interactions can provide a rich and reliable source of information that often guides such behavioural decision-making (Wyatt, 2014) . Chemical substances or odours (Kr-h1, AmOR11, homovanillyl alcohol, Gp-9, etc.) often play a major role in regulating behaviour and the social life of many animals, including crustaceans, and are usually used for a range of functions including sexual attraction, agonistic interactions and self or conspecific identification (Porter et al., 2013; Berens et al., 2014; Henze & Oakley, 2015) .
Transcriptomic and gene expression analyses in recent years have contributed substantially to improving our general understanding of the signalling and metabolic pathways that underlie many developmental and cellular processes (Livak & Schmittgen, 2001; Leelatanawit et al., 2012; Yang et al., 2013; Jiang et al., 2015) . Quantitative real-time PCR (qRT-PCR) is currently one of the most powerful and sensitive techniques for analysing gene expression patterns and among several applications (Rahi et al., 2017a) , it is often used to validate: RNA-Seq data, output data generated in micro-and macro-arrays of whole genomes and as a primary source for detecting specific gene expression patterns (Maroufi et al., 2010; Rahi 2017) .
In our previous M. rosenbergii transcriptome study (Aziz et al., 2017) , a list of 40 candidate genes were identified that are likely to be associated with differences between GFP adult male morphotypes. In the current study, we selected 12 of these genes (listed in Table 1 ) for investigating expression patterns among the male morphotypes. The chosen genes have functional roles in visual perception, or olfactory stimuli, or inter-male aggressive behaviour-traits that logically would be associated with the observed dominance hierarchy. Results from the study can instruct future functional studies that manipulate key genes or that select for gene copies favouring different adult male morphs in GFP that can be applied practically in stock-improvement programmes for the culture industry.
Methodology

Sample collection
Tank experiment and sample collection for the gene expression study were conducted at the Marine Science Centre, Port Dickson, Malaysia. Three different tissues (eyestalk, hepatopancreas and testes) were dissected from each male morphotypes (BC, OC and SM) that had been exposed to different treatments to test their response to visual/chemical signals (Aziz et al., 2017) . Dissected tissues from 10 individuals from each morph were immediately preserved in the RNAlater Ò Solution (Ambion, USA) to maintain stable and intact mRNA levels in the collected samples. Preserved tissues were brought back to the Central Analytical Research Facility (CARF)-Molecular Genetics Research Facility (MGRF) at the Queensland University of Technology for further analysis. Samples at MGRF were kept at -80°C until further analysis. RNA extraction, primer designing and qRT-PCR analysis Total RNA from eyestalk tissues, hepatopancreas and testis were extracted using the Isolate II RNA Mini Kit (Bioline), according to the manufacturer's instructions. The RNA extraction kit protocol contains an on column DNAse digestion step that provided DNA free total RNA samples. Concentration and quality (quantity and integrity) of each RNA sample was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) and Bioanalyzer (Agilent 2100, version 6). Thirteen candidate genes, plus the 18S rRNA (reference gene) were selected from our previous study (Aziz et al., 2017) based on functional roles of the genes to investigate the expression pattern (also for validating the roles of these selected genes) in GFP (Table 1) . Genes were chosen based on their function in response to visual, olfactory and inter-male aggressive behaviour cues. Primers for the genes were designed using the PCR primer design tool Primer3 applying default parameters. Primer sequences are presented in Table 2 . First-strand cDNA was synthesised using a SensiFAST cDNA Synthesis Kit (Bioline) according to the manufacturer's instructions and the SensiFAST SYBR No-ROX Kit (Bioline) was used for real-time PCR. PCR mixtures contained 1 lL of diluted cDNA (corresponding with 1 ng of starting amount of RNA for all genes), 10 lL of 2 9 SensiFAST SYBR No-ROX Kit (Bioline), and 400 nM of each gene-specific primer in a final volume of 20 lL. qRT-PCRs were performed in a Corbett Rotor Gene Real time PCR machine. All PCRs were performed under the following conditions: 2 min at 95°C, and 40 cycles of 5 s at 95°C and 10 s at 65°C in 96-well optical reaction plates. Specificity of amplicons was verified by melt curve analysis (60-95°C) after 40 cycles with the elongation step at 72°C for 20 s. Three biological replicates of each sample were used for qRT-PCR analysis and five technical replicates were run for each biological sample.
Gene expression stability analyses and statistics
The 2 -DDCT method (Schmittgen and Livak, 2008 ) was used as a relative quantification strategy for qRT-PCR data analysis. Expression stability of candidate genes was examined using qbase ? (Hellemans et al., 2007) software that calculates for each gene, a measure of expression stability based on average pairwise variation between all genes tested. Quality filtering, data visualisation and correlation plots were also performed in this program.
The performance of potential reference genes was analysed utilising RefFinder (Kim et al., 2010) , a webbased comprehensive tool that includes four commonly used algorithms: (i) geNorm (Vandesompele et al., 2002) ; (ii) NormFinder (Andersen et al., 2004) ; (iii) BestKeeper (Pfaffl et al., 2004) ; and (iv) the comparative DCT method (Peltier & Latham, 2008) . These applications were used to comprehensively compare and rank candidate genes under consideration.
Statistical analysis of normalised CT values (DCT) was performed in SPSS 23.0 (IBM SPSS Statistics 23.0, IBM Corporation, Somers, NY, USA (George & Mallery, 2016) . A three-way ANOVA analysis including male morphotype, tissue type and signal as factors were followed by multiple comparison post hoc Tukey's test. Differences were considered significant at P \ 0.05 (two-tailed test).
Results
Gene expression
Relative gene expression levels of individual genes varied among tissue types and among male morphotype comparisons (i.e. SM/OC, SM/BC, OC/BC) ( Fig. 1) . Table 3 presents overall up-and downregulated gene expression patterns among adult male morphotypes.
Fold change in the expression in the eyestalk (Fig. 1a) was substantially upregulated in dominant males (BC) compared to OC males for most genes, while it was marginally downregulated in subordinate SM male comparisons. Expression levels in BC individuals were generally upregulated, for visual, olfactory and inter-male aggressive behaviour genes, while upregulated genes in OC and SM males were associated only with visual and behavioural genes. STRPC was differentially expressed among male morphotypes and was upregulated in SM and BC males and downregulated in OC males. OPSIN, LW OPSIN genes and VPR (subgroup of opsin gene) were upregulated in SM and BC males and downregulated in OC males. Genes that were upregulated in the eyestalk in OC males included X-linked gene, and LP. BDP was significantly downregulated in eyestalk tissue in all three adult male morphotypes.
The level of candidate gene expression in the hepatopancreas (Fig. 1b) was, in general, downregulated in OC males and upregulated in both SM and BC males. Expression levels of VPR (a visual gene) and LP (an inter-male aggressive behaviour involved in startle response in prawns) in OC males were only upregulated in comparison with SM males but were still expressed at lower levels than in BC males (SM \ OC \ BC). Olfactory and inter-male aggressive behaviour genes, expressed in the hepatopancreas, were all upregulated but only in dominant male morphs. PRGA and LP, genes associated with aggressive behaviour were highly upregulated in hepatopancreas in dominant males, while visual genes (OPSIN and LW OPSIN) were upregulated in SM and BC males with expression levels higher in SM compared with BC individuals and downregulated in OC males. Genes that were upregulated in OC males and expressed in the hepatopancreas included VPR and LP which are genes involved in visual and intermale aggressive behaviour. Figure 1c shows the levels of candidate gene expression in the testis. Genes were mainly upregulated in BC males, with a few also upregulated in OC males. In general, olfactory and visual genes were generally upregulated in BC males, but behaviour genes were generally downregulated. We also observed that genes associated with olfaction 
EP-R AGAGCCTGCAAGCTGAAGAT (production of, or response to pheromones) were found to be highly upregulated in both SM and BC males. While for SM and OC males, genes associated with visual and inter-male aggressive behaviour were highly downregulated in these morphs and upregulated only in BC males. LP was downregulated in the testis in subordinate males and upregulated in dominant male morphs suggesting that this gene could play a part in social interactions among male prawns. In general, levels of candidate gene expression between BC and SM males were similar and upregulated in particular, in SM eyestalk tissue, while in the testis and hepatopancreas for BC males. OPSIN and LW OPSIN visual genes showed consistent upregulation in the order OC \ BC \ SM in the hepatopancreas and the eyestalk but showed a different morph order in testis. Opsin in testis was expressed and upregulated in the order BC \ SM \ OC, while LW OPSIN showed the reverse pattern (OC \ SM \ BC). LW OPSIN a gene involved in colour intensity perception and colour vision was highly expressed in SM individuals in all tissues. All genes linked to pheromone production or response (FAD, STRPC, PO and BDP) were upregulated in the order of OC \ SM \ BC in the testis and hepatopancreas and OC \ BC \ SM in the eyestalk, respectively. The inter-male aggressive behaviour gene (PRGA), was highly expressed in all sampled tissues and mostly upregulated in BC males. PRGA was downregulated in all three tissues in OC males. The inter-male aggressive behaviour gene EP was highly expressed in subordinate males (OC and SM) and upregulated in eyestalk and testis in BC males.
Examination of fold change can provide meaningful insights regarding morph development and morphotype transition. Background noise in gene expression levels was largely excluded when only fold changes above 1.5 were compared (Table 4) . As fold change level increased to C 2, the number of genes showing significant differences between morphs decreased. Most of the fold changes C 2 were seen in SM eyestalk, BC testis and BC hepatopancreas, respectively. Overall, levels of gene expression in OC males were the lowest across the three tissue types with a mean fold change of only 1.123. The highest mean fold change was observed in eyestalk tissue in SM males (2.9 fold).
Tests of comparison of means for all signals (visual, olfactory and aggressive behaviour) and tissue types showed fold change was highest in eyestalk tissue with a mean fold change of 1.903 for olfactory genes, 1.669 for visual genes and 1.775 for aggressive behaviour genes, respectively. Differences between levels in general, however, were small and non-significant (P [ 0.05).
Statistical analysis
A three-way ANOVA that compared means across morphotypes (SM, OC, BC), tissue type (hepatopancreas, testis, eyestalk) and signal (visual, olfactory, aggressive behaviour) revealed no significant difference between factors in gene expression level (P = 0.964). A similar result was also obtained for these comparisons that also were not significant (P [ 0.05): (i) fold change response to signal (P = 0.979) (ii); fold change response to interaction between morphotype and signal (P = 0.960); and (iii) fold change response to interaction between the tissues type and signal (P = 0.861). However, highly significant differences in gene expression levels among male morphotypes (P \ 0.05) were observed for: (i) fold change response in different morphotypes (P = 0.002); (ii) fold change response to different tissue type (P = 0.007); and (iii) fold change response to interaction between morphotype and tissue (P \ 0.0001).
Post hoc tests, while not significant, identified differences in groupings of tissue type, with testis and hepatopancreas forming one subset and eyestalk a second subset. PCR results show that expression level in eyestalk was generally higher than in testis but the result was not significant (1.782 fold, P [ 0.05). Post hoc tests for morphotype were not significant but showed that OCs (1.1226 fold, P [ 0.05) and BCs (1.4134 fold, P [ 0.05) formed a single group while SM formed a second group (1.783 fold, P [ 0.05). Post hoc tests to categorise group for signal showed no significant difference among groups.
Gene-stability measures and ranking of selected reference genes A stability value for each candidate gene was estimated and genes that were more stable in expression are indicated by lower average expression stability values (Tables 5, 6 , 7). Expression stability varied significantly among male morphotypes and among tissues. In the hepatopancreas, the gene that exhibited the most stable level of expression was Xlinked with a comprehensive stability value of 1.68 in all software estimates (Table S1 ), BDP in the testis (2.89) (Table S2 ) and STRPC in the eyestalk (2.30) (Table S3 ). In general, the RefFinder analysis revealed that the genes with the lowest expression stability were LP expressed in the hepatopancreas and LW OPSIN in the testis. FAD in the eyestalk showed the highest stability level applying all four algorithms. BDP and STRPC emerged as the most stably expressed genes as they ranked in the top five in all three male morphotypes. This indicates that potentially they could be used as reference genes for social dominance assessments in GFP.
Correlation plots
The qbase ? software permits comparisons of expression profiles of different genes to be portrayed as correlation plots. Plots are presented in logarithmic scale, with correlation coefficients calculated based on log 10 transformed results. As Spearman rank correlations are based on ranked results, correlation coefficients do not change as a function of axis scale. Gene expression in reference genes were compared with 18S rRNA expression, and the correlation results were plotted after log 10 transformation. A positive correlation was observed for all genes except for VPR, X- linked, STRPC and BDP. This indicates that there was a positive relationship between all candidate genes and 18S rRNA in levels of gene expression, while the relationship was negative with the other four genes, respectively. Differences in expression level tested between all genes and the reference gene were mostly significant (P \ 0.05). The low value of the coefficient (Table 8 ), however, suggests that level of gene expression for all candidate genes were fairly low when normalised to the reference gene that was highly expressed.
Discussion
Tissues extracted in our study (eyestalk, testis and hepatopancreas) were carefully chosen based on functional differential gene expression associated with visual, olfactory and aggressive behaviour functions identified in earlier studies of other taxa (Pan et al., 2005; Leelatanawit et al., 2009; Maruska & Fernald, 2011) . It is well known that crustacean eyestalk secretes an abundance of hormones associated with vision (sight), visual perception and the eyestalk is also the centre of the neurosecretory X-organ/sinus gland complex (Webster et al., 2012) . Higher expression levels of the visual genes in the eyestalk tissue in this study, clearly indicate the important role of these genes in GFP for regulatory activities. Moreover, differences in expression levels of these genes among males clearly indicate the role of these genes in male morphotype formation. Light of different wavelengths and bandwidths can have various stimulatory effects on a given photoreceptor, and the mismatch and combination of more than one visual pigment potentially may allow prawn individuals to discriminate between different spectral characteristics. Visual genes examined here were abundantly expressed in tissues according to the rank eyestalk [ testis [ hepatopancreas. OPSIN and VPR, both have a role in light detection while X-linked associated with night blindness and visual field constriction as a degenerative process that can culminate in complete loss of sight, at least in humans (Zito et al., 1999) . LW OPSIN is believed to contribute to an intense night time increase in the sensitivity of the lateral eye to light (Barlow, 1977) , and thus may be involved with searching for food in the dark/low light (Barlow, 1982) . In response to ambient light levels, many lower vertebrates darken or lighten their body colouration by regulating dispersion or aggregation, respectively, of melanin granules (melanosomes) in the melanophore. This physiological reaction is mediated by photoreception by their eyes, and the melanophores themselves, depending on species and their relative developmental stage (Coohill et al., 1970) . LW OPSIN is believed to play a specific and important role in colour vision in particular, in response to the colours red and blue/green (Donner et al., 2016) . Gene expression levels of LW OPSIN expressed in eyestalk and hepatopancreas were high and upregulated in SMs [ BCs [ OCs. This suggests that SMs potentially may be very alert to visual displays provided by dominant (BC) and subdominant (OC) males that are blue and orange in colour, respectively. Perhaps when these signals from dominant individuals are absent or at low levels, SMs may respond and transform into the next morphotype stage. Thus, LW OPSIN could provide a good candidate for trialling gene silencing to potentially manipulate the ratio of adult male morphotypes in a farmed GFP population.
Visual genes (VPR, OPSIN, and LW OPSIN) expressed mostly in the eyestalk were highly upregulated in all SM males. This suggest that subordinate males that are non-territorial may monitor their surrounding environment actively, potentially to protect themselves from attacks by dominant males, and need also to be alert to increase their chances of mating with receptive females. SM males are fertile and practice a sneak mating strategy (Ra'anan & Sagi, 1985) . VPR, OPSIN, and LW OPSIN genes in BCs were also upregulated but were expressed at lower relative levels compared with SMs. This may reflect their territorial behaviour; to be on the lookout for, and to guard, receptive females prior to mating. Diaz & Thiel (2004) observed a similar pattern in rock shrimp where they documented that subordinate males form a ''tumult'' (agitated accumulations) whenever they approach receptive females. These visual cues are easily detected by dominant rock shrimp males indicating a strong correlation between mating strategy (in which dominant males exploit receptive females) and sexual communication/signals. Earlier studies by Bruski & Dunham (1987) also reported that visual cues are important for efficient communication during crayfish agonistic encounters. Visual display of large and colourful claws (blue and orange) has been reported previously to help determine the social hierarchy between dominant and subordinates male adult GFP (Grafals et al., 2000) .
Expression patterns of genes that are known to be associated with pheromone production or response (FAD, STRPC, PO and BDP) in other taxa. In the current study, these genes were upregulated in GFP males in the order of BC [ SM [ OC in both testis and hepatopancreas and SM [ BC [ OC in eyestalk. These results may imply that the genes likely play very similar functional roles in GFP as well. FAD showed different expression levels among male morphotypes in all tissues studied with testis showing the highest expression level compared with other tissues. This reflects a relatively stable fatty acid composition in the testis. FAD plays an important role during development in decapod crustaceans and has been suggested to play a key role in pheromone biosynthetic processes, sex discrimination and mating behaviour in male prawns (Jiang et al., 2016) . Li et al. (2011) studied the effect of different dietary lipid sources on Spearman correlation coefficients 18S rRNA r = 1.000, P = 0.000 VPR r = -0.196, P = 0.201 X-linked r = -0.160, P = 0.305 OPSIN r = 0.099, P = 0.519 LW OPSIN r = 0.063, P = 0.682 FAD r = 0.171, P = 0.278 STRPC r = -0.172, P = 0.275 BDP r = -0.103, P = 0.508 PO r = 0.105, P = 0.495 R4 r = 3.300E-2, P = 0.833 PRGA r = 1.519E-2, P = 0.927 LP r = 0.080, P = 0.606 EP r = 0.106, P = 0.497 growth and gonadal maturation of pre-adult female freshwater crayfish Cherax quadricarinatus (Von Martens, 1868). During reproduction, a large amount of fatty acids is required to provide for essential needs during development of the gonad, with another fraction of basic fatty acids also crucial for gonad maturation and brood quality. This potentially could explain high expression of FAD in BC and SMs observed for GFP as both morphs are more sexually active compared with OC males. BDP and STRPC both showed high, stable expression in all three sampled tissue types and they could be considered among the top five genes for pheromone production and regulation in GFP and broadly in crustaceans. BDP was upregulated in both BC and OC and downregulated in SM males with a fold change approaching 2 for BDP expressed in the testis in BC males (1.921). This indicates that SMs have been suppressed by dominant males in response to the release of a pheromone that may control transition to the next morphotype stage. Apart from response to chemical cues, STRPC has also been associated with inter-male aggressiveness, territorial aggressiveness and mating in other species. This may be reflected in GFP as STRPC was more highly expressed in SM and BC males that are sexually active males with a very high fold change of expression level (8.591) in SMs (expressed in the eyestalk), while this gene was downregulated in OC males. Products of biochemical processes commonly direct chemical communication between individuals in crustaceans. These cues that are commonly released in urine can carry reliable information regarding identification of an individual, sex, reproductive status, and condition. Christy & Rittschof (2010) speculated that subordinate males in species that possess a social dominance hierarchy with multiple male morphotypes may hide from dominant males by not releasing male odours or by mimicking odours produced by females to protect themselves. SM males in the current study, showed downregulation of olfactory genes (highly expressed in testis) that were mainly upregulated in dominant BC and OC individuals. This could reflect this phenomenon whereby inhibition of olfactory genes in SM individuals is mediated by stimuli released by higher ranking males. A study by Berry & Breithaupt (2008) reported that male freshwater crayfish can distinguish between conspecific male and female odours. Findings here differ from the results reported on studies of crayfish sex pheromones because the apparent effects seen in this study relate to male-male not male-female interactions (Dunham, 1978; Itagaki & Thorp, 1981; Stebbing et al., 2003) .
Another interesting finding from the current study relates to the patterns of gene expression of genes involved with aggressive behaviour. Aggressive behaviour, or agonistic interactions, are common in many species, where they often play a crucial role in competition for space, shelter, and access to food and mates. Consequently, at the end of an agonistic encounter a social relationship may be formed resulting in dominant and subordinate individuals, effectively forming a social dominance hierarchy. Differences in expression levels of candidate genes involved with male aggression (i.e., BDP, STRPC, etc.) among different males and tissues of GFP, indicate important roles of these genes in social dominance hierarchy formation.
Behavioural responses to chemical cues have been demonstrated in a range of aquatic animals. A study by Berry & Breithaupt (2010) reported correlations between intraspecific chemical cues and aggressive behaviour in both sexes of a freshwater crayfish and suggested that urine release has evolved as an aggressive signal in both females and males. Hormones often play a functional role in social recognition among individuals in a population. Aggressive behaviour and fights are longer and prolonged with higher intensity over time in freshwater crayfish when urine cues are absent in the medium than when urine cues are present. In addition, a study by Schneider et al. (2001) stated that urine cue plays a role in social recognition; where in the absence of urine, male aggression and fights are longer and more intense. Palaoro et al. (2013) also demonstrated male aggression can be altered by the presence of female chemical cues, where in their study, male aggression was downregulated by female receptivity. Communication via urine can play an important role in agonistic interactions. Likewise, communication via visual signals often is related to aggressive, competitive and sexual interactions in many animals.
In the current study, genes involved with aggressive behaviour were highly expressed in eyestalk tissue (R4, PRGA, LP and EP) and in general, up regulated in BC and SM males while being down regulated in OC males. Aggressive behaviour in BC and SM males could be linked to mating strategies as these constitute the most reproductively active male GFP morphs. When SM males are exposed to an aggressive encounter initiated by a visual display (large size, colour), this likely excites sets of visual interneurons that may mediate a submissive behavioural response to protect individuals from dominant males (Kravitz & Huber, 2003) . This probably results in avoidance or escape behaviour. Since OCs are not very sexually active, expression of this type of gene would likely be downregulated as observed here. LP, a behavioural gene involved with startle response and inter-male aggression, was upregulated in the hepatopancreas in dominant BC males and downregulated in both OC and SM males. So, if relative level of aggression is a primary function of this gene in males, it could potentially provide a candidate for trialling genome editing to disrupt gene expression patterns in BC males to reduce natural aggressive behaviour.
Our results show significant variation in the expression levels of 12 candidate genes. All candidate genes tested showed a higher fold change (up-and downregulation) in gene expression (-2.5 to 3) compared with the reference gene (18S rRNA). Statistical analysis revealed that fold change interaction between signals (visual, olfactory and aggressive behaviours), morphotype and tissue were not significantly different and their mean differences showed that the factors did not affect the overall level of gene expression.
Fold change was independent of the concurrent signals, but was highly significant depending on tissue type and morphotype. This appears to represent overall multimodal signalling in which one signal provides a context that a perceiver can interpret and then respond accordingly. Levels of gene expression were higher, however, for visual and aggressive behaviour genes that were abundant in eyestalk tissue which suggests that visual cues influence transition of OC to BC male morph because they were expressed more highly compared with olfactory genes and in other tissues. A review by Salmon (1983) stated that when visual signals are used as cues in the aquatic environment, they are often accompanied by chemical cues providing a plausible explanation for the similar stimuli effects on fold change observed here. Further study and investigation are warranted to clarify this issue.
In general, a much larger number of genes (8 genes out of 12) screened here were highly upregulated in dominant BC individuals compared with downregulated genes. In particular, this pattern was evident for relevant eyestalk genes with the same genes mostly downregulated in OC males.
Development of male morphotype is obviously a complex process, and subtle changes in gene expression during development likely impact a cascade of signalling pathways that affect morphotype differentiation. Thus, in order to detect small but significant changes in gene expression pattern, normalisation using highly stable candidate genes is crucial. Moreover, application of modern genomic tools is also useful to characterise specific genes, detect functional roles and to precisely detect variation in expression levels. This can be achieved using recently developed modern gene-editing tools (knock-out) including Transcription activator-like effector nucleases (TALENs) (Gaj et al., 2013) or clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR-associated (Cas) systems (Cong et al., 2013) or via gene silencing (knock-down), e.g. RNA interference (RNAi). When genes are silenced, their expression levels are reduced significantly (Mocellin & Provenzano, 2004) . In contrast, when genes are knocked out, they cannot be expressed as they are lost to the genome. Patterns of gene expression in targeted candidate genes in the current study provide a base to selectively target-specific genes to alter their functional expression levels in adult male GFP morphotypes. If successful, this approach could be used (at least in theory) to modify natural morphotype ratios in GFP culture stocks that, in turn, could change total harvestable biomass levels. Furthermore, results here provide a resource for targeted gene expression studies that investigate effects of visual and/or olfactory cues on the GFP adult male social dominance hierarchy and provide a foundation for developing a better understanding of gene expression patterns among male adult GFP morphotypes.
Conclusions
The current study represents the first large-scale gene expression study to investigate the expression levels and important functional roles for specific candidate genes involved in the formation of the male social dominance hierarchy in GFP. Findings reported here suggest that visual in addition to aggressive behaviour genes potentially play roles in mediating the social dominance hierarchy of GFP adult male morphotypes. Levels of gene expression were abundant and highest in the eyestalk, thus this tissue offers a major target for candidate genes involved in visual display and perception influencing transition of OC to BC male with high expression and upregulated evident in BC males and downregulation in OC males. Multimodal signalling information from olfactory genes (upregulation and higher expression in the testis) were also involved in response to visual cues in subordinate males leading to the suppression of morphotype formation in the OC compared to SMs. This process, however, was not considered to be a primary cue for transition to BC male. Reference genes identified here will enable more accurate normalisation and quantification of gene expression in GFP male morphotypes and be useful for designing primer pairs that target key visual, olfactory and behavioural genes in other crustacean species. More importantly, they indicate that changes in the social dominance hierarchy can be influenced potentially by modifying genetic coding content to optimise adult male morphotype bias in GFP.
